To investigate the adaptive mechanisms fol lowing carotid artery ligation in immature rats, histologic injury and tissue levels of ATP were compared after ex posure to identical episodes of hypoxia induced either 3 or 24 h postligation. Histologic injury, assessed in both 9-day-and 23-day-postnatal animals after survival for ) week, was markedly diminished in animals exposed to hypoxia 24 h postligation compared to that in animals exposed to hypoxia 3 h postligation. In 9-day-postnatal animals, ATP levels in the cerebral cortex ipsilateral to
Unilateral carotid artery ligation followed by ex posure to systemic hypoxia is a model that has been widely used to investigate hypoxia-ischemia in the brain of immature rats (Rice et aI. , 198 1; Welsh et aI. , 1982; Silverstein and Johnston, 1984; Dwyer et aI. , 1987; McDonald et aI. , 1987; Andine et ai. , 1988; Ferreiro et ai. , 1990; Barks et ai. , 199 1; Blu menfeld et ai. , 1992; Gubits et ai. , 1993; Nozaki et ai. , 1993) . Typically, 10-12 rat pups (one litter) un dergo sequential carotid artery ligation followed by simultaneous exposure to hypoxia. As a result, the interval between ligation and onset of hypoxia may vary in duration in individual animals, depending on the cumulative time required for ligation. For ex ample, in the original description of the model, the interval between ligation and hypoxia varied be tween 4 and 8 h (Rice et ai. , 1981) . However, it has been reported that the duration of the interval be tween ligation and hypoxia may have an important influence on the resulting extent of hypoxic ischemic injury (Dwyer et aI. , 1988) . Thus, delaying the ligation were depleted during hypoxia to 0.39 ± 0.49 mmol/kg (mean ± SD; N = 15) in animals exposed to hypoxia 3 h postligation but were maintained at 2.04 ± 0.26 mmollg (N = 18; p < 0.001) in animals exposed to hypoxia 24 h postligation. Thus, preservation of ATP may account for the diminution of cellular injury that results from delaying the onset of hypoxia from 3 to 24 h after carotid artery ligation in immature rats. Key Words: ATP-Cerebral ischemia-Cerebral tolerance Hypoxia-Neonatal brain-Neuronal injury.
the onset of hypoxia from 4 to 24 h postligation diminished the suppression of protein synthesis, re duction in perfusion, and appearance of histologic injury (Dwyer et ai. , 1988; R. C. Vannucci, per sonal communication) . It has been hypothesized that ligation of the carotid artery triggers a compen satory response between 4 and 24 h that improves cerebral blood flow during hypoxia and, thus, di minishes the effects of hypoxia-ischemia on protein synthesis and histologic injury. However, because regional blood flow is difficult to measure in the brain of neonatal rats, this hypothesis has not been adequately tested. As an alternative, regional levels of A TP were measured in the present study to de termine whether delaying the onset of hypoxia to 24 h might preserve brain energy metabolites, thereby reducing cell injury. Preliminary results of this study have been reported previously (Pesenson et ai. , 199 1; Hylton and Welsh, 1994) .
METHODS

Preparation of the animals
Sprague-Dawley rats, 9 and 23 days postnatal, were anesthetized with a mixture of 2% halothane, 50% O2, balance N2• Through a neck incision, the common carotid artery on the left side was isolated, doubly ligated with 3-0 surgical silk, and transected between the ligations. The wound was closed with 6-0 nylon sutures, and the pups were placed under a warming lamp. For each litter of 10-12 pups, half were ligated and returned to their dam for 24 h, while the remainder were ligated on the follow ing day. All of the pups were then exposed individually to hypoxia at exactly 24 or 3 h postligation. At I h prior to hypoxia, each animal was placed in an airtight jar (250 m!) that was partially submerged in a 36°C water bath. During this time, the jar was flushed with humidified air warmed to 34°C at a flow rate of 2-3 Llmin. Hypoxia was induced by switching to a mixture of 8% O2, balance Nz, which was humidified and warmed to 34°C. The duration of hyp oxia was 60 min for the 23-day-old litters. The duration of hypoxia varied between 80 and 135 min in 9 day olds, depending on the degree of suppression of respiratory rate and motor activity during hypoxia. Previous work in this model indicated that longer episodes of hypoxia are required in younger animals to generate comparable de grees of histologic injury (Blumenfeld et aI., 1992) . Fol lowing hypoxia, the animals were reoxygenated in their jars for 30 min with humidified air warmed to 34°C. Under these conditions, core and brain temperature, measured in separate animals, remained between 37.0 and 37.5°C during normoxia and hypoxia. The animals were then re moved from the jars and returned to their dam for I week prior to assessment of histopathology.
Additional litters of 23-day-old animals were subjectOld to surgery at both 24 and 3 h prior to hypoxia to control for differences in the duration of the interval between surgery and hypoxia. Half of the animals underwent sham ligation at 24 h, followed by carotid ligation at 3 h prior to hypoxia. The remaining animals underwent carotid liga tion at 24 h, followed by sham ligation at 3 h prior to hypoxia.
Finally, to determine whether the duration of the inter val between ligation and hypoxia altered the reduction of ATP during hypoxia, 9-day-old animals were immersed in liquid N2 immediately after 60 min of hypoxia, preceded by 24 or 3 h by carotid artery ligation. The delay between removal from hypoxia and immersion in liquid N2 was less than 2 s.
Histopathology
Animals were euthanatized using CO2 inhalation, and the brain was removed and frozen on dry ice. After re moval of the brain, the area of cortical pallor in the ipsi lateral cortex was graded on a 4-point scale: 0, pallor not detected; I, <30% of the cortical surface exhibiting pal lor; 2, 30-70% pallor; and 3, >70% pallor. The brains of 23 day olds were sectioned at a thickness of 20 fLm in a cryostat at -15°C, and the sections were stained with thionin and acid fuchsin as described previously (Auer et al., 1984) . With these stains, necrotic neurons appear bright red with condensed nuclei. Using a light micro scope, the extent of histologic injury was then graded in cerebral cortex, striatum, and hippocampus on a 4-point scale: 0, no injury detected; I, few necrotic neurons; 2, many necrotic neurons; and 3, infarction.
Measurement of A TP
In a glovebox refrigerated to -2YC, the head was bi sected in the coronal plane at the level of the striatum using the blade of a hacksaw. After shaving off 100-200 fLm of tissue from the exposed coronal surfaces, the frontoparietal cerebral cortex was sampled bilaterally J Cereb Blood Flow Metab, Vol. 15, No.6, 1995 (four samples per brain) using a squared-off, sharpened 16-G syringe needle. At -25°C, the samples were weighed (1-2 mg, wet weight) and added to 100 fLl of 0.1 N NaOH in methanol. After 15 min at -25°C, the soft ened slurries were placed in an ice-water bath and com bined with 200 fLl of ice-cold 0.05 N NaOH. After further mixing, the extracts were heated to 95°C for 10 min to inactivate tissue enzymes. ATP was assayed by mixing 5 fLl of extract with 100 fLl of luciferin/luciferase reagent and measuring light emission for 10 s (Welsh et al., 1990) .
Statistical analyses
Fisher's exact test was used to test for significant dif ferences in histologic injury between the 3-h and the 24-h groups. An unpaired Student's t test was used to test for a significant difference in A TP content between the two groups of animals.
RESULTS AND DISCUSSION
In both age groups, histologic injury was mark edly reduced in animals exposed to hypoxia 24 h after carotid artery ligation, compared to those in which hypoxia was initiated 3 h postiigation (Table   I) . Thus, in the cerebral cortex, severe histologic injury occurred in a large fraction of animals ex posed to hypoxia pt 3 h, but not in animals in which hypoxia was delayed for 24 h, with only two excep tions. Also, in the striatum and hippocampus, se vere histologic injury occurred more frequently in animals exposed to hypoxia at 3 h than at 24 h postligation. Within the hippocampus, neuronal ne crosis occurred in both the CAl and the CA3 sub field but not in the dentate gyrus (data not shown).
In the animals undergoing surgery at both 24 and 3 h prior to hypoxia, histologic injury occurred in a significantly greater fraction of animals actually li gated at 3 h compared to those ligated 24 h prior to hypoxia ( indicate that the reduction of histologic injury in the 24-h group depends on the interval between ligation and hypoxia rather than the interval between anes thesia/surgery and hypoxia.
ATP levels in the cerebral cortex ipsilateral to the carotid ligation were markedly reduced during hyp oxia initiated 3 h, but not 24 h, after ligation (Table   2 ). There was no difference in A TP levels in the contralateral cortex between the two groups. Thus, delaying the onset of hypoxia from 3 to 24 h follow ing carotid artery ligation prevented the decline in ATP in the ipsilateral cortex during hypoxia. Fur ther, the preservation of energy metabolites during hypoxia may have contributed to the reduction of cellular injury in the 24-h group.
The present results confirm and extend those of previous studies indicating delayed induction of tol erance to hypoxia following unilateral carotid liga tion in neonatal rats (Dwyer et al., 1988) . Although neither the time course nor the mechanism of the tolerance has been well characterized, it is clear that the duration of the interval between ligation and hypoxia may have a strong influence on the extent of cellular injury in the present model of hyp oxia-ischemia. In tests of neuroprotection, it is therefore imperative to eliminate this confounding variable by employing a fixed interval between the ligation of the carotid artery and the onset of hyp OXia.
The mechanism for the (ldaptive preservation of ATP during hypoxia observed in the present study remains to be determined. The present results are consistent with a vascular compensation that im proves blood flow during the episode of hypoxia. In adult rats, ligation of one carotid artery was re ported to increase by 1-2 days the luminal diameter of the posterior communicating artery in the ipsilat eral hemisphere (Coyle and Panzenbeck, 1990) .
These results suggest that carotid ligation may in duce a long-lasting increase in the diameter of col lateral vessels, thereby reducing vascular resistance during the hypoxic challenge. However, direct mea surement of blood flow during hypoxia would be necessary to support this hypothesis.
Alternatively, carotid ligation may induce alter-TABLE 2. Levels of ATP in the cerebral cortex of 9-day-old rat pups at 60 min of hypoxia-ischemia ations in the brain parenchyma that increases the tolerance to hypoxia independent of ATP preserva tion. Thus, it has been suggested that induction of heat-shock proteins or immediate-early genes, such as c-fos, following sublethal ischemia mediates an increase in the tolerance to subsequent episodes of ischemia (Kirino et al., 1991; Glazier et al., 1994) .
However, preliminary results from our laboratory failed to detect increased expression of these genes following carotid ligation alone (Blumenfeld et al., 1992) . Thus, identification of the mechanisms of the adaptive preservation of ATP and tolerance to hyp oxia following carotid artery ligation in neonates will require further study.
